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We performed noise measurements in a two-dimensional electron gas to investigate the nonequi-
librium quantum Hall effect (QHE) state. While excess noise is perfectly suppressed around the
zero-biased QHE state reflecting the dissipationless electron transport of the QHE state, consider-
able finite excess noise is observed in the breakdown regime of the QHE. The noise temperature
deduced from the excess noise is found to be of the same order as the energy gap between the high-
est occupied Landau level and the lowest empty one. Moreover, unexpected finite excess noise is
observed at a finite source-drain bias voltage smaller than the onset voltage of the QHE breakdown,
which indicates finite dissipation in the QHE state and may be related to the prebreakdown of the
QHE.
PACS numbers: 73.43.-f, 73.43.Fj, 73.50.Td, 72.20.Ht
I. INTRODUCTION
A two-dimensional electron gas (2DEG) under the in-
fluence of a large perpendicular magnetic field exhibits
a remarkable dissipationless state with precisely quan-
tized Hall resistance, which is the integer quantum Hall
effect (QHE),1 as a consequence of the topological rigid-
ity of the phase.2 The existence of the localized bulk
states plays an essential role in the precise quantiza-
tion of the Hall resistance.3 They spatially separate the
counterflowing channels at the sample edge to strongly
suppress backscattering.4 More precisely, the edge chan-
nels are regarded as “incompressible strips” owing to the
electron screening.5–7 Although the nature of the QHE
state is successfully explained by the topological rigid-
ity, details of the state in nonequilibrium are largely
unexplored. Recent experiments aimed at quantum in-
formation processing by using edge channels, involving
phase reversal of electrons in electron interferometers,8,9
decoherence,10–15 energy relaxation,16–18 and dynamics
of the edge magnetoplasmons in the edge channels,19,20
have clarified electron behaviors in the nonequilibrium
QHE state. Thus, detailing the nonequilibrium proper-
ties of the QHE states has become an important research
topic in present condensed-matter physics.
The longstanding problem of the nonequilibrium QHE
state called the QHE breakdown has vexed metrology re-
searchers for about three decades. The quantized Hall re-
sistance collapses at finite source drain voltage Vsd and/or
at a current larger than a certain value.21,22 The QHE
breakdown is, in other words, a transition from a topo-
logically protected phase to a completely different one.
For this reason, the importance of the QHE breakdown
has invoked renewed interest as new types of topologi-
cally protected phases,23 that is, topological insulators,
have gathered much attention today. As the topological
insulator phase is a scion of the QHE state, a detailed un-
derstanding of how the QHE state breaks down should
shed new light on the robustness of the topologically pro-
tected phases.
A number of mechanisms for the QHE breakdown have
been proposed thus far24–32, and results of experiments
have revealed substantial properties of the breakdown,
including electron overheating through the avalanche-
type electron scattering,33,34 the spatial gradient of the
effective electron temperature along the electron path35,
the typical length of the electron heating and cooling,36,37
and the time scale of the breakdown.38–40 Although these
experiments have uncovered important information re-
garding the QHE breakdown, its mechanism remains to
be clarified.41
Noise measurement is a promising candidate that can
provide highly significant information on the QHE break-
down. In fact, it has revealed various unique properties of
electron transport42 that could not be obtained through
conventional conductance and resistance measurements.
In the QHE state, the excess noise is suppressed be-
cause of the absence of backscattering.43 Hence, we ex-
pect that we can detect the QHE breakdown by inves-
tigating the mechanism through which excess noise oc-
curs. The excess noise may provide us with direct infor-
mation on the effective electron temperature, which can
be compared to the values calculated from the longitu-
dinal resistance.33,34 To the best of our knowledge, there
has been no experimental work that has studied these
aspects.
In this work, we present the experimental results of
the noise measurement to clarify the QHE breakdown
2mechanism. Two distinct observations are made. The
first one is that the electron heating accompanied by the
breakdown is of the order of the energy gap between the
highest occupied Landau level and the lowest unoccu-
pied one. Second, unexpectedly, we observed finite excess
noise prior to the QHE breakdown at a finite Vsd that is
smaller than the onset voltage of the QHE breakdown (a
Vsd region that we define as a precursor regime), indi-
cating the presence of finite dissipation in the nonequi-
librium QHE states. The excess noise behaves in a way
closely related to the prebreakdown of the QHE21,33,44.
Thus, the noise measurement may give us profound in-
formation about onset of the breakdown of the QHE.
This paper is organized as follows. In Sec. II, we
describe our device and the experimental setup used
for high-frequency (2.55 MHz) and low-frequency (1–100
kHz) noise measurements. In Sec. III A, we present
the experimental results of the noise measurements, and
using the results, we deduce the effective electron tem-
perature in the breakdown regime of the QHE. In Sec.
III B, we show finite excess noise in the precursor regime.
In Sec. IV, we summarize our work.
II. EXPERIMENT
A. Device
The QHE breakdown was investigated using a two-
terminal device fabricated on a semiconductor with a
2DEG in an AlGaAs/GaAs interface. The 2DEG has
electron density ne = 2.3 × 10
15 m−2 and mobility
µ = 110 m2/(V s). The geometry of the two-terminal
device is schematically shown in Fig. 1(a). The Hall
bar with width W = 40 µm is fabricated by wet etch-
ing. Then, the main part of the device is defined by
the negatively charged gate electrodes to have W = 20
µm and length L = 300 µm. As Kaya et al. reported
previously,36,37 the narrow constriction of the main part
is utilized for inducing the QHE breakdown specifically
at the entrance of the main part.
The basic properties of the device were checked by a
conductance measurement at equilibrium with the stan-
dard lock-in technique with excitation voltage of 10 µV
at 37 Hz. Figure 1(a) shows the differential conductance
of the device G(Vsd) as a function of a magnetic field
perpendicular to the 2DEG B at electron temperature
T = 100 mK. The clear conductance plateaus at e2/h,
2e2/h, 3e2/h, and 4e2/h represent the QHE with Lan-
dau level filling factors of ν = 1, 2, 3, and 4, respec-
tively. At the conductance plateaus, the conductance
remains quantized up to the finite source-drain bias volt-
age Vsd smaller than a certain critical value. Figure
1(b) shows G(Vsd) as a function of Vsd at B = 4.2 T
(ν = 2.1); the curve exhibits an abrupt conductance
collapse from 2e2/h at Vsd = 10.4 mV. In this paper,
the onset voltage of the QHE breakdown VBD is de-
fined as the Vsd value at which the conductance deviation
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FIG. 1. (a) Equilibrium conductance of the device as a
function of B and schematic illustration of the present two-
terminal device. (b) Differential conductance of the de-
vice as a function of Vsd. VBD is defined as Vsd at which
∆G = G(Vsd)−G(0) = 0.01e
2/h.
∆G(Vsd) = G(0)−G(Vsd) exceeds 0.01e
2/h. We call the
Vsd region |Vsd| < |VBD| the “QHE regime” and call the
|Vsd| > |VBD| region the “breakdown regime.” We focus
on the results obtained with the etching-defined edge as
it exhibits a more distinctive QHE breakdown than the
electrically defined one.45
B. Noise measurement and its analysis
To obtain the noise spectral density of the device,
a high-frequency (approximately megahertz) noise mea-
surement setup and a low-frequency (approximately kilo-
hertz) noise measurement setup were utilized. The for-
mer adopts a resonator to obtain information at a fre-
quency that is sufficiently high to prevent 1/f noise by
focusing on a specific frequency defined by the resonator.
The latter enables us to obtain the frequency dependence
of the noise spectral density, although the bandwidth is
limited to less than 100 kHz owing to RC damping. From
the noise spectrum for a wide frequency range below 100
kHz, the contribution of low-frequency noise such as 1/f
noise is evaluated. In the subsequent text, we describe
the measurement scheme and analysis in further detail.
1. High-frequency measurements
A schematic illustration of the high-frequency noise
measurement setup and the noise spectra obtained with
the setup are shown in Figs. 2(a) and 2(b), respectively.
The measurement is performed in a dilution refrigerator
by utilizing an LC resonator with a peak frequency f0
3of 2.55 MHz and a homemade cryogenic amplifier as we
reported previously.46–48 As shown in Fig. 2(b), the reso-
nant peak at 2.55 MHz is larger for the biased case (Vsd =
15 mV) than in the equilibrium case (Vsd = 0 mV). The
difference is mainly due to the excess noise. We evaluate
the resonant peak by using the following Lorentzian-like
function:49,50
P (f) = PB +
P0
1 + (f2 − f20 )
2/(f∆f)2
, (1)
where PB is the frequency-independent background noise,
P0 is the peak height of the Lorentzian-like function,
f0 is the peak frequency, and ∆f is the full width at
half maximum. By evaluating ∆f using the equation
∆f = (1/2piC)[G(Vsd)+1/Z], the capacitance C and the
impedance Z of the setup are estimated to be 120 pF
and 70 kΩ, respectively.50,51 The noise spectral density
of the device is obtained from the following conventional
equation:42
P0(Vsd) = A
(
SoutV +
(
ZR
Z +R
)2
SoutI
+
(
ZR
Z +R
)2
Sdev(Vsd)
)
, (2)
where A is the square of the total gain of the amplifier
system and SoutV and S
out
I are the voltage and current
noise generated by the cryogenic amplifier, respectively.
R = 1/G is the resistance of the device and Sdev(Vsd) is
the current noise generated at the device, which consists
of thermal noise Sth = Sdev(0) and excess noise S(Vsd) =
Sdev(Vsd)−Sdev(0). The setup is calibrated by measuring
Sth = 4kBTG(0) at equilibrium with a quantum point
contact on the same device, where kB is the Boltzmann
constant. The obtained parameters of the setup are A =
3.5×105, SoutV = 1.0×10
−19 V2/Hz, and SoutI = 1×10
−28
A2/Hz, and the base electron temperature of the dilution
refrigerator is T ∼ 100 mK.52
Because the resonant frequency of the resonator is on
the scale of megahertz, which is usually sufficiently high
to damp the 1/f noise, the resonant peak is expected
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FIG. 2. (Color online) (a) Schematic illustration of the two-
terminal device and setup for the high-frequency noise mea-
surements. (b) Noise spectra with a resonant peak at 2.55
MHz obtained at Vsd = 0 and 15 mV. The solid curves are
the result of the fitting by Eq. (1).
to be attributed to only the white noise. However, to
ensure that the obtained spectral density is free from
any frequency-dependent noise contribution, we need to
examine spectral density behavior over a wide frequency
range, as discussed in the following text.
2. Low-frequency measurements
.
To evaluate a possible contribution of the 1/f noise to
the excess noise at 2.55 MHz, the noise spectrum in the
range from 1 to 100 kHz is obtained with a variable tem-
perature insert (VTI) as in previous experiments.49,53–55
The cross-correlation technique is employed as shown in
Fig. 3(a) to minimize the external noise from the cables
and the amplifiers. Figure 3(b) shows P (f) obtained in
the QHE regime (Vsd = 0 mV) and the breakdown regime
(Vsd = 12 mV). RC damping is obvious for frequencies
above 20 kHz. We have confirmed that the obtained noise
above 1 kHz is composed of the intrinsic noise of the
present device caused by the long time averaging in the
cross-correlation method. In the QHE regime, the excess
noise in the frequency range from 1 to 20 kHz is frequency
independent. However, the 1/f contribution of the noise
is observed in the breakdown regime. Thus, the noise
spectrum is expressed by the following equation:
P (f) = A
(
SdevV (Vsd) +
a(Vsd)
f
)(
1
1 + (2pifCR)2
)
,
(3)
where SdevV (Vsd) = R
2Sdev(Vsd) is the contribution of the
frequency-independent noise, a(Vsd)/f = R
2S1/f (Vsd) is
that of the 1/f noise, 1/[1 + (2pifCR)2] represents the
RC damping with a cutoff frequency of fc = 1/2piCR,
and C is the capacitance between the signal line and
the ground through the coaxial cables. The curve fitting
is performed in the frequency range between 1 and 50
kHz. The equilibrium noise measurement determines A,
C, and the base electron temperature for the measure-
ment setup as 1.044×104, 400 pF, and 4.4 K, respectively.
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FIG. 3. (Color online) (a) Schematic illustration of the setup
for the low-frequency noise measurement utilizing the cross-
correlation technique. (b) Noise spectra in the kilohertz range
obtained at Vsd = 0 and 12 mV. The solid curves are the result
of the fitting by Eq. (3).
4III. RESULTS AND DISCUSSION
A. Estimation of the noise temperature
The excess noise at 2.55 MHz is converted to noise
temperature TN = S(Vsd)/4kBG(Vsd) to study the elec-
tron heating accompanied by the QHE breakdown. In
addition, we evaluate the contribution of the 1/f noise
at 2.55 MHz from the noise spectra obtained from the
low-frequency noise measurement to exclude the contri-
bution of unintended low-frequency noise on S(Vsd) at
2.55 MHz. In the next sections, the noise temperature in
the breakdown regime is discussed with a combination of
high-frequency and low-frequency noise measurements.
1. High-frequency measurements
Figure 4(a) shows G(Vsd) as a function of Vsd at B =
4.2 (ν = 2.1), 5.6 (ν = 1.6), and 8.0 T (ν = 1.1). In the
ν = 2 QHE state (B = 4.2 T), G(Vsd) shows quantization
as 2e2/h at Vsd up to Vsd = 10.4 mV. At Vsd = 10.4 mV =
VBD, G(Vsd) abruptly deviates from the quantized value
because of the QHE breakdown. At Vsd larger than VBD,
G(Vsd) is smaller than 2e
2/h owing to the presence of
electron scattering. The same features are also observed
in the ν = 1 QHE state (B = 8.0 T). In this case, G(Vsd)
is quantized as e2/h and VBD = 2.0 mV. In contrast, in
the transition between the two QHE states (B = 5.6 T),
G(Vsd) does not exhibit any conductance quantization
around Vsd = 0 mV.
Figure 4(b) shows S(Vsd) as a function of Vsd, which
is simultaneously obtained with G(Vsd) in Fig. 4(a). In
the QHE states (B = 8.0 and 4.2 T), S(Vsd) is strongly
suppressed at Vsd < VBD, reflecting the edge transport of
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FIG. 4. (Color online) (a) G as a function of Vsd. (b) S as a
function of Vsd. Measurements are performed at B = 4.2, 5.6,
and 8.0 T (ν = 2.1, 1.6, and 1.1, respectively) and T = 100
mK.
the QHE state with the strong suppression of backscat-
tering. At Vsd = VBD, an abrupt increase in the excess
noise is observed; this is explicit evidence of the transi-
tion between the dissipationless state and the dissipative
one.
In the transition of the QHE states (B = 5.6 T),
S(Vsd) is very small. The nominal Fano factor F =
S(Vsd)/2eVsdG(Vsd) is 5 × 10
−4, which indicates that
our device is sufficiently macroscopic to exclude any shot
noise contribution to the excess noise. Note that the de-
vice length is much larger than the mean free path of the
2DEG, l ∼ 12 µm.
Now, we assume that the electron heating in the break-
down regime can be regarded as TN (Vsd) (the validity of
which is discussed in later text). In the even-integer QHE
state, TN is deduced as ∼10 K using the typical values of
G(Vsd) and S(Vsd) in the breakdown regime: ∼ 1.8e
2/h
and 30 × 10−27 A2/Hz [see Figs. 4(a) and 4(b)]. In the
odd-integer QHE state, TN is about 1 K for the typical
values of G(Vsd) and S(Vsd) in the breakdown regime:
∼ 0.8e2/h and 1.0 × 10−27 A2/Hz [see Figs. 4(a) and
4(b)].
We found that the obtained TN(Vsd) in the breakdown
regime is of the order of the energy gap between the Lan-
dau levels. In the odd-integer QHE case, the energy gap
is determined by the Zeeman energy EZ = gµBB, where
g is the electron g factor of bulk GaAs and µB is the Bohr
magneton. EZ is about 2 K at B = 8.0 T, and the ob-
tained TN at B = 8.0 T is about 1 K. In the even-integer
QHE case, the energy gap is determined by the cyclotron
energy Ec = h¯ωc, where h¯ is the Plank constant and ωc
is the cyclotron angular frequency. At 4.2 T, Ec ∼ 35 K
and TN is deduced as ∼10 K.
Figure 5(a) shows a color plot of the conductance de-
viation from the equilibrium value ∆G(Vsd) = G(Vsd) −
G(0) as a function of B and Vsd. ∆G(Vsd) = 0 at a small
finite Vsd around 4 and 8 T, which reflects the conduc-
tance quantization of the QHE state. In the transition
between the QHE states [5–7 T; see Fig. 5(c)], G(Vsd)
does not have a conductance plateau [∆G(Vsd) 6= 0 at a
small Vsd]. The QHE breakdown is observed as an abrupt
collapse of the quantized conductance at finite Vsd. The
open circles in Figs. 5(a) and 5(b) indicate VBD at each
field.
Figure 5(b) shows a color plot of TN(Vsd) as a function
of B and Vsd. In the ν = 1 QHE state (around 8 T), be-
cause the QHE state is dissipationless, TN(Vsd) is almost
zero around Vsd = 0 mV. After the QHE breakdown, at
Vsd larger than VBD, TN(Vsd) is about 1 K, which falls
in the same range as the energy gap between the Lan-
dau levels. In the transition of the QHE states (around
6 T), the excess noise is rather low owing to the absence
of the energy gap. In the ν = 2 QHE state (around 4
T), the excess noise is strongly (but not perfectly) sup-
pressed when the conductance is quantized. After the
QHE breakdown, TN(Vsd) increases abruptly to about 10
K.
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FIG. 5. (Color online) (a) Color plot of ∆G = G(Vsd)−G(0)
as a function of B and Vsd. (b) Color plot of TN as a function
of B and Vsd. (c) Equilibrium conductance as a function of
B. The open circles in (a) and (b) indicate VBD at each field.
2. Low-frequency measurements
The above estimation of TN(Vsd) was based on the as-
sumption that the excess noise is frequency independent.
We validate this assumption with the noise spectrum ob-
tained by using the low-frequency noise measurement.
Unfortunately, the noise spectrum is only obtained at
4.4 K because of our experimental setup. However, em-
pirically, the 1/f noise increases when the temperature
increases. Therefore, the 1/f noise amplitude at 4.4 K
gives us the upper bound of the 1/f noise contribution
at 100 mK.
Figure 6(a) shows the equilibrium conductance of the
device as a function of B obtained with the low-frequency
noise measurement setup. Because the thermal fluctua-
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FIG. 6. (a) Equilibrium conductance as a function of B at
T = 4.4 K. (b) Plot of a(Vsd) as a function of Vsd and B.
tion at 4.4 K is larger than the Zeeman energy (Ez ∼ 2 K
at 8.0 T), the plateau of the ν = 1 QHE state is absent
(not shown). The noise spectrum was well reproduced
with Eq. (3) [see Fig. 3(b)]. Thus, the excess noise is
composed of two components: the frequency-independent
noise and the 1/f noise.
Before evaluating the 1/f noise contribution to the
excess noise at 2.55 MHz, it is worth considering the
frequency-independent component of the excess noise
S(Vsd) = Sdev(Vsd) − Sdev(0). In the ν = 2 QHE state
(around 4.0 T), S(Vsd) is strongly suppressed at a Vsd
smaller than 8 mV, reflecting the presence of dissipation-
less edge transport of the QHE state. At Vsd = 10.0 mV,
S(Vsd) is about 20× 10
−27 A2/Hz and it is estimated as
TN(Vsd) ∼ 7 K. The estimated value of TN(Vsd) is con-
sistent with the value obtained from the high-frequency
noise measurement.
Figure 6(b) shows a plot of the 1/f noise amplitude
a(Vsd) as a function of Vsd and B. The maximum value of
a(Vsd) is observed at B = 3.6 T and Vsd = 15 mV and is
about 6× 10−13 V2. From the maximum value of a(Vsd),
the 1/f noise amplitude at 2.55 MHz is estimated as1.2×
10−27 A2/Hz by using the empirical relation S1/f (f) =
G(Vsd)
2a/f , which is less than a few percent of the excess
noise in the breakdown regime at the ν = 2 QHE state (∼
30× 10−27 A2/Hz). Because the 1/f noise is empirically
reduced by the temperature decrease, the estimation of
the noise temperature from the excess noise is justified.
6B. Observation of the precursor phenomenon of
the QHE breakdown
In this section, we report the finite excess noise at a Vsd
smaller than VBD. The excess noise prior to the break-
down of the QHE behaves in a way closely related to the
prebreakdown of the QHE.21,33,44
Figure 7(a) shows G(Vsd) and S(Vsd) as a function of
the normalized source-drain bias voltage (Vsd/VBD) ob-
tained around the ν = 2 QHE state. Data obtained at
B = 4.2, 4.0, and 3.8 T are plotted as circles, trian-
gles, and squares, respectively. Those plots have almost
the same Vsd dependence, which is described as follows:
At Vsd/VBD = 1, G(Vsd) deviates from 2e
2/h and S(Vsd)
increases abruptly owing to the QHE breakdown. An im-
portant characteristic of S(Vsd) is the finite excess noise
at Vsd < VBD. Typically, the excess noise reaches about
0.6× 10−27 A2/Hz at Vsd/VBD = 0.95. This is about an
order smaller than the value reached in the breakdown
regime.
The finite excess noise is also observed in the vicinity
of the ν = 1 QHE state. Figure 7(b) shows data obtained
at B = 8.0, 7.8, and 7.6 T. In spite of the low density
of data points, finite excess noise is always observed at
Vsd smaller than VBD. A typical value of S(Vsd) is about
0.2× 10−27 A2/Hz at Vsd/VBD = 0.90.
To clarify the following discussion, we divide Vsd into
three regions: the QHE regime, the precursor regime,
and the breakdown regime, as shown in Fig. 7. In the
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Vsd obtained at (a) ν ∼ 2 and (b) ν ∼ 1. The range of
Vsd is divided into a QHE regime, a precursor regime, and a
breakdown regime.
QHE regime (typically, at Vsd/VBD <∼ 0.5), G(Vsd) is
quantized and S(Vsd) is strongly suppressed. In the pre-
cursor regime, although G(Vsd) is still quantized, finite
S(Vsd) is observed even when Vsd is smaller than VBD.
At Vsd/VBD > 1, the QHE breakdown causes G(Vsd) to
deviate from the quantized value.
The Vsd dependence of S(Vsd) is different in the three
Vsd regions. In the QHE regime, even though S(Vsd) is
strongly suppressed, a small, finite S(Vsd) of less than
10−28 A2/Hz is observed. S(Vsd) shows a clear quadratic
Vsd dependence. Hence, we conclude that S(Vsd) in the
QHE regime originates from Joule heating at the Ohmic
contacts. The quadratic Vsd dependence deviates in the
precursor regime because of additional noise. The emer-
gence of this additional noise is not transitional but ap-
pears as a “crossover.” Therefore, the boundary between
the QHE regime and the precursor regime is not clear. In
contrast, the boundary between the precursor state and
the breakdown state is obvious, as the QHE breakdown is
a transition. In the breakdown regime, S(Vsd) is almost
constant, as seen in Fig. 4.
Because the additional excess noise in the precursor
regime is universally observed in different Landau fillings
(see Fig. 7), the excess noise is related to the universal
behavior of the QHE regime.
C. Possible origins of the precursor phenomenon
Let us start by discussing characteristics of electron
transport in the QHE regime. In this regime, electrons
flow in the conductive edge channels. Counterflowing
channels are spatially separated by the bulk insulating
state, as Halperin demonstrated.3 Hence, backscattering
of electrons is strongly suppressed. In the bulk, electrons
and holes are localized in puddles with a typical size on
the order of 100 nm.56,57 This conductive edge and insu-
lating bulk picture is schematically shown in Fig. 8(a).
The Fermi surface is placed at the zero-gap metallic state
at the edge and at the energy gap in the bulk. This
energy gap protects the electrons being transported by
backscattering.4
The edge transport of the QHE state breaks down
according to the following scenario. First, electrons in
the edge state tunnel to the localized bulk state. The
excited electrons are accelerated by the Hall electric
field. When the accelerated electrons obtain sufficient en-
ergy, the avalanche type electron scattering35 and/or the
quasi inter-Landau-level scattering (QUILLS) assisted by
acoustic phonons31 cause the electron heating.
From this scenario of the QHE breakdown, the pres-
ence of electron tunneling without the avalanche and/or
the QUILLS is reasonable and we believe that this is
what we observe in the precursor regime. A schematic
image of the QHE state is shown in Fig. 8(b). In this
Vsd region, electrons tunnel back and forth between the
edge states and the localized puddles. Such tunneling ef-
fects have been studied extensively and are plausible58–60.
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Equilibrium
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FIG. 8. Schematic illustration of the edge states and the
localized bulk states in (a) the QHE regime and (b) the pre-
cursor regime. (left) Energy-position plot; the vertical axis
is the energy and the horizontal axis is the position across
the counterflowing edge channels. (right) Real space image
of the edge and the bulk states. The dashed curve and the
solid curve represent unoccupied states and occupied states,
respectively. The dotted line denotes electron tunneling be-
tween the edge state and the bulk states.
When Vsd becomes larger than VBD, the electrons in the
bulk generate the avalanche and/or the QUILLS, and the
QHE state breaks down.
The origin of the excess noise in the precursor regime
is not simply a result of the electron tunneling itself as
the excess noise is frequency independent. The origin of
the excess noise is likely to be caused by the increase in
the effective electron temperature. The injection of hot
electrons into the localized bulk state through electron
tunneling increases the effective electron temperature
inside the bulk state, and electron tunneling between the
edge state and the bulk state results in the broadening
of the energy distribution inside the edge state. The
broadening of the energy distribution is observed as a
finite increase in S(Vsd) in the voltage-biased QHE state.
IV. SUMMARY
We performed noise measurements for a device in a
nonequilibrium quantum Hall effect state and identified
two distinct components of excess noise. The first one
originates from avalanche-type electron heating of the
QHE breakdown. The other is most likely to be related
to the prebreakdown of the QHE, which clearly indicates
the finite dissipation prior to the breakdown of the QHE.
As the noise measurement shows such a high sensitivity
to dissipation of the current, further experimental effort
using the noise measurement in the QHE state would
clarify in more detail how the QHE state breaks down.
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